The changes in plasma insulin concentration following a meal reflect the integrated functioning of neural and gastro-intestinal humoral anticipatory mechanisms as well as the stimulatory effects of increased metabolite concentrations in plasma. In man and other species the insulin responses to oral glucose and amino acid loads are significantly greater than those to similar loads given intravenously, showing that the gut amplifies these responses [1] [2] [3] . Furthermore in several species including man [4] , dog [5] , sheep [6] , rat [7, 8] , it has been shown that insulin concentrations rise within a few minutes of eating and before any increase in systemic plasma glucose concentration which might account for this change. Both insulinogenic gastro-intestinal hormones and the autonomic nervous system have been proposed as mediators of this extra insulin response. The question arises whether such a sophisticated integrated response is present in the newborn which is perforce unaccustomed to many of the stimuli provided by the presence of food within the gut, or whether it develops in the early postnatal period. To this end the insulin secretory responses to suckling in the neonates of two species, the sheep and rabbit, have therefore been studied.
Material and Methods

Animals a) Lambs
Ten crossbred lambs, varying in age from 1 to 71 days and in weight from 2.75 to 30 kg were used. Animals required for experiments at an early age were removed from their mothers after a sufficient period of time (about 12 h) for them to have had access to colostrum. Other lambs were removed from their mothers several days before their first experiment. The lambs were maintained on a diet of Denkavit (Rank, Hovis, McDougall) or Coopalac (Cooper Nutrition Products Ltd) milk preparations suitable for feeding to lambs. Feeding was by bottle or by suckling from a 'lamb bar'. Until 7 days of age lambs were given 4 feeds of 250 ml daily, then 3 feeds daily each of 450 ml up to one month and subsequently 3 feeds of 550ml daily. The animals also had ad-libitum access to hay and sheep pellets (Dixons).
b) Rabbits
Thirty-six litters of chinchilla rabbits were used. The litters and their does were kept in special two-compartment breeding cages with the facility for closing the partition between the two compartments. For studies at 1 day of age the doe was separated from her litter for 24 h as soon after littering as possible (<12 h), but O012-186X/79/0016/0201/$01.20 
Fig. L Mean plasma glucose and insulin concentrations in a group of 4 lambs after ingestion by sucking from a teat of 200 ml milk formula at 1 day of age (e .... e) or 250 ml milk at 7 days of age (0--0). Lambs were fasted overnight before each study. Insulin concentrations are plotted on a log scale. Vertical lines indicate standard errors. The significance of differences from mean prefeeding concentrations by paired t-test are shown *p < 0.05, 9 *p < 0.01 suckling before this cannot be excluded. For studies on older infants the doe was allowed free access to her litter until 24 h before an experiment.
Experimental a) Lamb Feeding Experiments
i) Normal Feeds. To study the effect of milk ingestion, blood samples were obtained from lambs before and after a warm milk feed sucked from a bottle. The amount given was commensurate with age as indicated above, and the feed studied was the first of the day when the lambs had fasted for approximately 10-12 h. The lambs did not have access to solid food during the experiments. Blood samples, two pre-feeding controls and a further 12 samples of 2 ml, collected at frequent intervals after suckling, were obtained from an indwelling catheter in the inferior vena cava. The catheter was inserted via a branch of the saphenous vein under local anaesthesia at least one day before the experiment. Four lambs were studied at 1, 4 and 7 days of age. A further 6 lambs were studied between 10 and 46 days of age.
ii) Sham Feeds. To examine the insulin responses to 'sham feeding' six animals (35-62 days of age) were given a bottle containing only 1-2 ml milk to suck. This they did with their usual vigour for at least one minute. Blood samples were obtained at the usual intervals. Thirty minutes after the 'sham' feed they were given a normal bottle-feed and blood samples were collected for a further 30 min.
iii) Atropine Feeds. To investigate possible autonomic involvement in the early insulin response to suckling 7 lambs (16-71 days of age) were injected IV with 0,2 mg/kg atropine sulphate (McCarthys) 30 sec before feeding began. In other respects the protocol was the same as that for normal feeds. In addition samples were obtained from 3 lambs given atropine, but not fed.
b) Rabbit Feeding Experiments
To examine the effects of natural suckling on plasma insulin concentrations in the neonates a number of litters of various ages were studied (1 day, n = 7; 5 days n = 5; 10 days n = 10; 15 days, n = 6). Subsequently a further 8 litters were studied at 1 day of age. After 24 h of separation, but before the doe had had access once more to the litter two infants were removed to provide control pre-feeding samples. The partition was then opened and the doe allowed to suckle her litter. After suckling had been completed (usually between 2-3 min) the doe was again separated from the litter by closing off the partition. Further infant rabbits were removed as samples where possible (depending on the size of the litter) at 5, 10, 20, 30, 60 and 120 minutes after the doe had first had access. The infant rabbits were killed by cervical dislocation immediately they were removed from the cage. Blood samples were obtained rapidly by an incision which severed the brachial artery in the axilial region and permitted collection into heparinized syringes using a method similar to that of Girard et al. [9] . Blood samples were kept on ice and centrifuged at 4 ~ to separate plasma.
Analytical
Plasma concentrations of glucose and insulin were determined as described previously [10] . The radioimmunoassay for insulin utilized a disequilibrium system with talc as adsorbent to separate free from bound insulin. Monocomponent sheep insulin (Eli Lilly Lot 615 1112B-108-J) and Rabbit Insulin (Eli Lilly Lot 615 D63-15C) were used as standards for the assay of lamb and rabbit plasma samples respectively. Since plasma insulin concentrations do not form a normal distribution whereas their logarithms do, concentrations of insulin were converted to their logarithms before calculation of means and standard errors. Statistical significance was established using Student's t-test. In the lamb experiments a paired t-test was used.
Results
Plasma Glucose and Insulin Responses to Suckling in Lambs
When lambs at 1 day of age ingested 200 ml milk by sucking from a bottle their plasma glucose and insulin concentrations increased steadily to maximum values 1-2 h after the feed (Fig. 1) . However, when the same lambs were subsequently studied at 7 days of age ( Fig. 1 ) ingestion of milk was followed by a clearly biphasic pattern of insulin release with a significant early peak 5 minutes after the start of sucking and a significantly smaller maximum increment (1.83 v 6.24 m mol/1, p < 0.02) in plasma glucose than at 1 day of age. Studies at 4 days of age yielded patterns of response intermediate between those seen at 1 and 7 days of age. The insulin response was biphasic with an early peak present in 3 of the lambs, the mean concentration in the group doubling in the 
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60 TIME (min) Fig. 3 . Plasma insulin concentrations in 3 lambs (fasted overnight) 36-39 days of age after sucking on an empty bottle for 1 rain and then fed 450 ml milk 30 min later first 5 minutes to 1.3 ng/ml before rising again to a maximum of 2.5 ng/ml 60 rain after sucking began. The maximum increase in plasma glucose (2.68 m tool/l) was also less (p < 0.05) than that seen at 1 day of age. In 6 older lambs (13-46 days of age) the ingestion of 450 ml milk by vigorous sucking from a teat resulted in changes in glucose and insulin concentration (Fig. 2 ) similar to those seen at 7 days of age. There was a significant increase in plasma insulin 5 minutes after the start of feeding, preceeding the rise in glucose and insulin concentrations between 20 and 60 minutes. The increment in glucose 1.23 _+ 0.13 m tool/1 was again smaller than that at i day of age (p < 0.001).
The Effect of 'Sham Feeding' on the Insulin Response ro Suckling in Lambs
Allowing 6 lambs (35-45 days of age) to suck from a virtually empty milk bottle resulted in changes in plasma insulin concentration in 3 lambs similar to those seen in the first 30 minutes after a normal feed (Fig. 3) . In 3 other lambs sham-fed in this way there was no comparable pattern of changes in plasma insulin. All of the lambs had sucked vigorously on the Results are presented as means _+ SEM Significance of difference from control value: ap < 0.05, bp < 0.01 teat for at least 1 minute. When 30 minutes later, the lambs were fed normally an early insulin response was again seen in only some of the lambs. There were no significant alterations in plasma glucose in any of the lambs during the 30 minutes following sham feeding.
The Effect of Atropine on the Response to Feeding in Lambs
The pattern of response to a normal milk feed after prior atropinisation (0.2 mg/kg atropine sulphate) in 7 lambs ranging in age from 16 to 71 days is shown in Fig. 4 . Atropinisation abolished the early insulin response. Atropine alone had no significant effect on insulin or glucose concentrations in unfed lambs.
Plasma Glucose and Insulin Responses to Natural Suckling in Infant Rabbits
Following natural suckling, milk in the stomach of infant rabbits comprised 15-30% of their bodyweight even at i day of age. This substantial intake of milk was associated with a clearly biphasic pattern of insulin release over the first two hours after the feed (Fig. 5 ). There was a pronounced early peak in plasma insulin 5 to 10 minutes after the start of suckling. There were no significant changes in plasma glucose during the first 10 minutes but 20 to 30 minutes after the feed glucose concentration in the 15 day infant rabbits was significantly reduced. In 1 day old rabbits it appeared that the increase in insulin occurred more slowly than in the older infants. Observations on a further 8 litters at i day of age (Table 1 ) confirmed this. Although insulin concentrations were lower than in the first series and were significantly increased 5 minutes after the start of suckling concentrations were considerably further increased at 10 minutes. There were no associated changes in glucose concentrations.
Discussion
In previous studies on adult sheep and lambs, 28 days of age or older, [6] it was shown that ingestion of food, either of dry food by normal eating or of milk by sucking, was associated with apparently reflex release of insulin prior to any change in plasma metabolite concentrations resulting from absorption of digested nutrients. The results presented here confirm this finding and indicate that the early insulin response to milk ingestion is present within a few days of birth, suggesting that it may be an important component of the anticipatory mechanisms regulating utilization of absorbed nutrients in the neonate. The absence of the response in the one-day old lambs suggests, however, that its development may be postnatal and related to experience of oral food ingestion. On the other hand fetal lambs in utero are known to swallow large quantities of amniotic fluid for many weeks before term [11] and will readily suck on a teat or finger if delivered prematurely. The absence of an early insulin response to feeding at 1 day of age may therefore be related to the stress of adapting to bottle feeding on a milk substitute, although this was not evident, rather than to a developmental change.
The studies show that the early insulin release also occurs in infant rabbits when they suckle naturally, removing any doubt about the physiological relevance of this observation. Whether the slight delay in the early insulin rise in the one-day old rabbits indicates that the mechanisms are not fully mature at birth in this species, include greater involvement of inhibitory factors (such as sympathetic stimulation), or simply reflect less vigorous suckling, cannot be decided satisfactorily from the present experiments. Nevertheless it is evident that in both lambs and infant rabbits a reflex insulin secretory response to sucking is quickly established after birth if not already present at this time.
An early rise in insulin release similar to that seen in the present studies on lambs and infant rabbits has now been observed to occur during eating in a wide variety of species and a number of experiments indicates the reflex nature of its stimulation. It does not seem to depend on the quantity of food consumed since it can be stimulated during sham feeding by a variety of methods [5, 6, 7, 12] including sucking on an empty bottle as shown here and even by the mere anticipation of a meal [13, 14] , whereas it is generally absent when food is infused into the stomach. Total vagotomy abolishes the response in the rat [8] and the effects of atropinisation in the present study are consistent with a role for the vagus.
The present studies give no indication about the mechanisms by which this reflex release of insulin is brought about. Direct stimulation of the pancreatic islets through their vagal innervation seems most likely as both fl-adrenergic and cholinergic stimulation of pancreatic islets enhances insulin release [15] [16] [17] [18] . However involvement of a humoral loop through stimulation of gastro-intestinal hormone release cannot be entirely dismissed.
Recent observations by de Jong et al. [19] indicate that the ventromedial and lateral hypothalamic areas may be involved in the response in rats. The failure in their studies of atropine to block the responses to hypothalamic stimulation is taken to indicate that cholinergic mechanisms are not involved but the efferent pathways have not been defined.
Our results in lambs suggest that the early rise in insulin post-prandially may have homeostatic significance. With the advent of this anticipatory response, the rises in glucose levels concequent upon the meal are reduced. Steffens [20] also found that the early release of insulin was of importance in reducing the magnitude of the excursion in blood glucose concentration following its oral ingestion in rats. It is clear therefore that this early insulin release in an important component of the anticipatory reflex cardiovascular and endocrine changes which occur on ingestion of a meal and evidently comes into play shortly after birth when intermittent oral ingestion of nutrients first becomes of significance. Indeed it is possible that this anticipatory reflex release of insulin may be of greater significance for glucose homeostatic regulation in the newborn than the increased responsiveness of the fi-cell to glucose demonstrated in newborns of several species after initiation of feeding [10, [21] [22] [23] . Clearly the oral stimulus should be preserved wherever possible in feeding regimes for sick newborn infants.
